Fruit firmness is an important market driven trait in sweet cherry (Prunus avium L.) where the desirable increase in fruit firmness is associated with landrace and bred cultivars. The aim of this work was to investigate the genetic basis of fruit firmness using plant materials that include wild cherry (syn. mazzard), landrace and bred sweet cherry germplasm. A major QTL for fruit firmness, named qP-FF4.1, that had not previously been reported, was identified in three sweet cherry populations. Thirteen haplotypes (alleles) associated with either soft or firm fruit were identified for qP-FF4.1 in the sweet cherry germplasm, and the "soft" alleles were dominant over the "firm" alleles. The finding that sweet cherry individuals that are homozygous for the "soft" alleles for qP-FF4.1 are exclusively mazzards and that the vast majority of the bred cultivars are homozygous for "firm" alleles suggests that this locus is a signature of selection. Candidate genes related to plant cell wall modification and various plant hormone signaling pathways were identified, with an expansin gene being the most promising candidate. These results advance our understanding of the genetic basis of fruit firmness and will help to enable the use of DNA informed breeding for this trait in sweet cherry breeding programs.
.
Little is known about the genetic control of fruit firmness in either sweet or sour cherry. In a study of two F 1 populations derived from three sweet cherry cultivars ('Regina' × 'Lapins' , 'Regina' × 'Garnet'), the phenotypic data of the progeny fit normal distributions suggesting that the trait was quantitatively inherited 6 . Multiple quantitative trait loci (QTLs) for firmness were identified, the largest one on linkage group (LG) 5, but none of the QTL explained more than 24.1% of the phenotypic variance. A second QTL study was done using the sweet cherry population ' Ambrunés' × 'Sweetheart' that also exhibited a continuous distribution for firmness 7 . In this case, a previously undetected QTL was identified on LG 1 along with a previously identified QTL on LG 6. No QTL for fruit firmness have yet to be identified in sour cherry.
Genes controlling fruit firmness have been well investigated in many species including tomato, peach and apple. In these species, the physiological modifications of the cell wall organization were considered important components of tissue firmness 8 . Many enzymes, which are capable of altering cell wall texture, have been proposed 9, 10 . For example, endopolygalacturonase (endoPG), encoded by a multiple-gene family, is well established as one of the major enzymes involved in pectin disassembly in tomato and kiwifruit 11, 12 . In apple, endoPG was also shown to be involved in fruit softening process and its regulation was found to be ethylene dependent 13 . Copy number variation of a gene cluster encoding endoPG was also found to mediate flesh texture in peach 14 . In sweet cherry, genome-wide transcriptional dynamics from developing fruit between flowering and maturity at 14 time points were investigated and the results suggested tight developmental regulation of genes functioning in diverse processes such as sugar transport, lipid metabolism and cell wall rearrangement related to changes in fruit firmness 15 . To date, no genes have been identified that control the variation for fruit firmness in sweet cherry, but candidate genes underlying the firmness QTL identified on LG 5 in sweet cherry have been proposed 6 . In sour cherry, expansin genes were found to be upregulated during ripening (also the period of fruit softening) 16 . The objectives of this study were to (1) identify and characterize the QTL(s) for fruit firmness segregating in an F 1 sweet cherry population, (2) explore whether the QTL identified is associated with the firmness that accompanied sweet cherry domestication and breeding, and the presence of softer fruit exhibited by sour cherry, and (3) identify candidate genes for fruit firmness within the QTL region.
Results
Phenotypic variation for fruit firmness. The progeny in the 'Fercer' × 'X' population exhibited a wide range of fruit firmness; however, the distribution was bimodal with more individuals exhibiting soft fruit (Table 1 , Figs 1a and S1). 'X' was assigned as the paternal parent of this population since the recorded paternal parent was found incorrect based on genotype data and the correct parent is unknown. 'Fercer' had a multi-year fruit firmness mean of ~67 g/mm 2 (Min 56, Max 82) which is aligned with the firm-fruited progeny group. A wide range of variation for fruit firmness was also observed for individuals from the INRA sweet cherry germplasm collection and RosBREED germplasm (Fig. 1b,c) . In the INRA sweet cherry germplasm collection, the majority of softfruited individuals were characterized as landraces as opposed to bred cultivars. In the RosBREED germplasm, the majority of soft-fruited individuals were either mazzards or hybrids with mazzards. When the two INRA populations were compared for firmness for the one year that they were both phenotyped, the sweet cherry germplasm collection exhibited a wider phenotypic distribution compared to the F 1 population (Fig. 1) . Within the three populations, the ANOVA analysis revealed highly significant effects for the different genotypes (Table 1) . In all three populations, the broad-sense heritabilities were high (0.73-0.97), indicating that much of the phenotypic variation in these populations is genetically controlled ( Table 1 ). The highest heritability for fruit firmness (0.97) was obtained from the multi-year data for the 'Fercer' × 'X' population, likely because the environmental variation was low among years compared to the genetic variation as suggested by the bimodal phenotypic distribution.
The firmness of the RosBREED sweet cherry materials and sour cherry materials could be directly compared as they were phenotyped using the same instrumentation. Fruit from the sour cherry individuals exhibited a 
QTL analysis. 'Fercer' × 'X':
The two parental maps constructed consisted of 110 SNPs for 'Fercer' and 87
SNPs for 'X' with an average coverage of one marker every 6.7 and 7.5 cM, respectively. QTL analysis from the 'Fercer' × 'X' population identified four QTL in the multi-year analysis (LGs 4, 5, 6 and 8); however, the major stable QTL was located on LG 4 (Table 2, Fig. 2 and Table S1 ). This QTL segregating from the 'X' parent was significant in all seven years evaluated and across years, and the percentage of variation explained by the QTL ranged from 54.0% to 84.6%. The QTL confidence interval based on multiple years' analysis was small (33.1-36.0 cM) -35  3 6-40  41-45  4 6-50  51-55  5 6-60  61-65  6 6-70  71-75  7 6-80  81-85   s  l  a  u  d  i  v  i  d  n  i  f  o  r since it is the only common year in which firmness data was collected for the two INRA sweet cherry populations. Data summaries and frequency distributions using multi-year data are presented in Table 1 Significant QTLs are presented for each year as well as significant QTL identified when data was combined over multiple years (MY). and estimated to only cover about one Mbp (10, 335, 216 ,807 bp) based on the peach physical map v.2. The peak position of this QTL was located at 34.5 cM, which was estimated to be approximately 10.76 Mbp on the peach physical map v.2 (Table 2) . One QTL was identified segregating from 'Fercer' , but this QTL was only significant over multiple years, explaining 20.1% of the phenotypic variance. As the QTL confidence intervals overlapped, the QTLs derived from 'X' and 'Fercer' were considered to be the same and this QTL was named qP-FF4. 1 .
INRA Sweet Cherry Germplasm Collection: In the INRA sweet cherry germplasm collection, variation in fruit firmness significantly associated with SNPs located on chromosome four (Fig. 3a) . The SNP most significantly associated with fruit firmness, ss490552928, has a peach physical map position (v.2) of 11,472,398 bp. Fruit firmness was significantly different among the three SNP genotypes, as illustrated for ss490552928 and the second most significant SNP on chromosome 4, ss490552906, located at 10,880,163 bp (Fig. 3b,c) . For ss490552928, mean fruit firmness for the SNP genotype AB, was intermediate to that of BB and AA, with increased firmness associated with BB (Fig. 3b) . For ss490552906, mean fruit firmness for the SNP genotype AB was significantly less than that of the most firm genotypic class (AA) and not significantly different from the softest class (BB) (Fig. 3c) . In addition to the SNPs on chromosome 4, an additional SNP on chromosome 1 (ss490546759, 23,455,434 bp) was significantly associated with fruit firmness (Fig. 3a) . This SNP is within a region where a fruit firmness QTL was previously identified in four of six years in a 'Regina' × 'Lapins' population 6 . RosBREED Sour cherry germplasm: The sour cherry germplasm was also segregating for ss490552928; however, no sour cherry individuals had the BBBB genotype (Fig. S3a) . The majority of the individuals were AAAB, followed by AAAA, AABB and then ABBB. The association of SNP genotype and fruit firmness was investigated within two segregating sour cherry populations and found to be not significant (Fig. S3b,c) . This is in contrast to the INRA sweet cherry germplasm collection where BB was the most prevalent genotype for this SNP and BB individuals had significantly firmer fruit than AB or AA individuals (Fig. 3b) .
RosBREED sweet cherry germplasm: Two fruit firmness QTLs were identified in both years for the RosBREED pedigree germplasm, one small effect QTL on LG 2 and one large effect QTL on LG 4 (Table 3, Fig. 4 and Table S1 ). The QTL on LG 4 explained 16.4% and 83.5% of the variation for fruit firmness in 2011 and 2012, respectively. This difference is probably due to the high number of missing values in 2011 compared to 2012 (219 vs. 126, respectively). The peak genetic map position of this QTL was 33 cM and the peak physical map position was estimated to be ~10.8 Mbp. As this is similar to the peak position of the QTL identified in the 'Fercer' × 'X' population, this QTL was considered to be qP-FF4.1. Predictions for the genotypes of qP-FF4.1 for the RosBREED germplasm were calculated by FlexQTL, as QQ, Qq and qq, where Q and q represent the "firm" and "soft" alleles, respectively. FlexQTL used a bi-allelic model denoted by Q and q to estimate the QTL genotypes. The only individuals in this germplasm set predicted to be(and therefore soft) were three mazzard accessions, MIM 17, MIM 23, and NY 54 (Table S2) . Likewise the only individuals in this germplasm set predicted to be Qq were offspring from these three mazzard accessions plus 'Moreau' and 'Cristobalina' , old landrace cultivars, and their offspring. All other individuals were predicted to be QQ. This suggests that homozygosity for the firm Q allele at qP-FF4.1 is a signature of selection exhibited by domesticated and bred sweet cherries.
Haplotype analysis. To further trace and evaluate the allele effects of qP-FF4.1, five SNPs that span the peak physical map QTL location were chosen for haplotype (allele) construction (Fig. 5) . These five SNPs spanned a ~1.23 Mbp and ~0.3 cM region of LG 4. Using these five SNPs, 13 haplotypes (H1 to H13) were identified in the RosBREED sweet cherry germplasm and an additional three haplotypes were identified in sour cherry (H14 to H16) (Tables S3 and S4 ). As the QTL haplotypes were based on SNP marker composition spanning the QTL region and not variation in underlying genes, it is possible that the haplotypes identified over-represent the www.nature.com/scientificreports www.nature.com/scientificreports/ number of functional alleles. Of the thirteen haplotypes exhibited by sweet cherry, four were only identified in the mazzards (H8, H11, H12 and H13) (Tables S2, S3 ). The haplotypes most frequent in the RosBREED sweet cherry germplasm and also not present in any mazzards were H4 (49.1%) and H1 (28.2%), suggesting that these haplotypes are associated with firm fruit possibly due to the influence of human selection and breeding. However, as only three mazzards were used in this study, it is possible that other mazzards might also possess a "firm" allele. Two of the commercially dominant cultivars notable for their fruit firmness, 'Bing' and ' Ambrunés' , are H1H1 and H4H4, respectively. The haplotypes most frequent in the sour cherry selections were H3 (46.9%) followed by H11 (18.8%) and H10 (12.8%).
The qP-FF4.1 genotypes (diplotypes) for 'Fercer' and 'X' were H1H2 and H1H3, respectively (Fig. 6a ). As 'Early Burlat' is the only sweet cherry founder known to have H3, it is likely that 'Early Burlat' is an ancestor of 'X' . When the fruit firmness of the 'Fercer' × 'X' progeny were compared based on their qP-FF4.1 diplotypes, those progeny that were H1H1, had significantly firmer fruit than progeny that were H1H3 or H1H2 (Fig. 6a) . This is consistent with the high relative frequency of H1 in bred germplasm. Furthermore, it suggests that H1 is recessive to H3 and H2. In other words, for this QTL, firm fruit appears to be recessive to soft fruit. H1 and H2 were deduced to be "firm" and "soft" alleles, respectively, as H1H2 individuals had significantly softer fruit than H1H1 Table S3 . The haplotypes for eight sour cherry parents are presented in Table S4 . The haplotypes were deduced to be associated with soft or firm fruit based on diplotype analysis in sweet cherry (Fig. 6 ). www.nature.com/scientificreports www.nature.com/scientificreports/ individuals. The inheritance of H3, uniquely present in 'Early Burlat' and not present in any other RosBREED germplasm, was further followed through breeding using this germplasm. Five U.S. cultivars have 'Early Burlat' in their ancestry and all five inherited the 'Early Burlat' H6, and not H3 (Fig. S4) .
The effects on fruit firmness associated with 14 qP-FF4.1 diplotypes were compared for the RosBREED germplasm. These 14 diplotypes, representing 10 haplotypes (H1, H2, H4 to H6, H8, H10 to H13), each consisted of firmness data from six to 104 individuals (Fig. 6b) . Fruit firmness ranged from a mean of 275 down to 162 for the softest fruit. The four diplotypes that had the firmest fruit all had one or two copies of H1, paired either with itself or with H4, H5 or H6. This suggests that in addition to H1 and H4, H5 and H6 can also be considered "firm" alleles. However, when H1 or H4 were paired with H2, the mean fruit firmness was reduced significantly. This is consistent with the dominant 'soft' effect of H2 observed in the 'Fercer' × 'X' progeny where H1H2 progeny had significantly softer fruit than H1H1 progeny. Progeny with H8 and H10-13, only present in the mazzards, had significantly softer mean fruit firmness than the majority of progeny homozygous for the firm diplotypes. These effects were based on pairings with the "firm" haplotypes H1 or H4, indicating that these "soft" haplotypes present in wild cherry are dominant to the "firm" haplotypes that are found in bred cultivars. It was not possible to determine if the three haplotypes identified in sour cherry (H14-16) were associated with firm or soft fruit due to the dominance of soft compared to firm fruit (Table S4) .
In silico candidate genes. The qP-FF4.1 interval identified from both the INRA F 1 and RosBREED pedigreed populations was used for candidate gene identification. This ~ 1.8 Mbp interval was between SNPs located at 10,156,468 and 11,956,655 bp on chromosome 4 of the peach genome v2.0 and the same SNPs located between 12,928,603 and 14,860,789 bp on the sweet cherry genome (Fig. 7) . In this region, 241 genes were predicted in the sweet cherry genome (Table S5) . From these genes, 25 were selected as candidate genes based on their potential to be involved in the control of fruit firmness (Table 4 , Fig. 7 ). The most promising candidate gene identified was Pav_sc0002828.1_g410.1.mk which encodes an expansin protein related to plant cell wall metabolism. This gene is very close to the QTL peak and an expansin gene with homology to Pav_sc0002828.1_g410.1.mk was found to be expressed in sour cherry fruit and associated with tissue softening 16 . Of the three expansin genes identified that were upregulated during softening in sour cherry fruit, the expansin gene PcEXP4 had the highest similarity to the expansin gene in the sweet cherry genome as evidenced by their placement on a distal lineage, relative to the other sour cherry expansins (Fig. S5a,b) . The candidate expansin gene contains two functional domains (Expansin EG45 and Expansin CBD) and three encoded signal peptide regions (H, N, and C) located on the N-terminus region (Fig. S5c) . Nine other candidate genes were predicted to encode plant cell wall modifying enzymes which have been found to be potentially involved in regulating fruit firmness in peach and apple 17, 18 . Fourteen candidate genes were included as they are potentially involved in various plant hormone signaling pathways well known to be involved in fruit maturation and ripening in non-climacteric and climacteric fruits and in sweet cherry firmness 19, 20 . Among these candidate genes, two are predicted to be NAC (NAM/ATAF1, 2/CUC2) transcription factors involved in the ethylene signaling pathway. Of these two genes, Pav_sc0000029.1_g070.1.mk, is a homolog of the peach NAC gene ppa008301m that has been predicted to control maturity date 21, 22 . The final candidate gene, Pav_sc0000975.1_g210.1.mk, was predicted to be a Squamosa promoter-Binding Protein which has been found to be associated with fruit ripening in tomato 23 .
Discussion
Genetic determinism and signature of selection for fruit firmness in sweet cherry. The bimodal segregation for fruit firmness in the 'Fercer' × 'X' population provided the opportunity to identify a major QTL for fruit firmness in sweet cherry that was also identified in a wide range of genetic backgrounds represented by the INRA sweet cherry germplasm collection and the RosBREED pedigreed population. This is the first report of a major QTL for fruit firmness identified on LG 4 in sweet cherry. However, due to the small size of the 'Fercer' × 'X' population, the QTL interval would be affected by potential errors in phenotyping and genotyping as well as the environmental conditions. Despite this population size limitation, the QTL region estimated for all seven years was stable and consistent, possibly due to the large effect of this QTL in this population as suggested by the bimodal phenotypic distribution. However, future fine mapping is needed to more precisely define the QTL interval. In a prior study of two sweet cherry populations between bred cultivars, 'Regina' × 'Lapins' and 'Regina' × 'Garnet' , QTLs for fruit firmness detected in at least three of the six years of study, were identified on LG 1, 2 and 5 6 . On LG 4, a QTL was detected in only two of the six years analyzed in one of the two populations ('Regina' × 'Lapins'), and this QTL was located on the upper region of chromosome 4 in a region that does not overlap with that for qP-FF4.1. It is possible that the LG 4 QTL, qP-FF4.1, was not identified in these two populations, because all three parents only had "firm" alleles for this locus. Indeed, all three haplotypes present in 'Regina' (H4H5) and 'Lapins' (H1H4) were identified as "firm" alleles in this study. In contrast, the plant materials used in this study resulted in the identification of qP-FF4.1 because of the presence of "soft" alleles in the plant materials.
The finding that sweet cherry individuals that are homozygous for the "soft" alleles for qP-FF4.1 are exclusively mazzards and that the vast majority of bred cultivars are homozygous for "firm" alleles suggests that this locus was a signature of selection during domestication and modern breeding. In addition, three of the old cultivars included in this study, 'Moreau' , 'Cristobalina' and 'Early Burlat' , have relatively soft fruit and their qP-FF4.1 genotypes include one "soft" and one "firm" allele. In sour cherry, all of the germplasm are soft, as firmness comparable to sweet cherry has not been a critical trait. This QTL region is the second region in sweet cherry that has been shown to have been under selection, the first being a QTL region on LG 2 that contains a major QTL for fruit size 24 .
The results from the 'Fercer' × 'X' population and the RosBREED germplasm further indicate that the "soft" alleles present in the mazzard accessions are dominant, or at least partially dominant over the "firm" alleles present in bred cultivars. This is consistent with the findings in sour cherry where no individuals exhibited the firmness of bred sweet cherry cultivars. No sour cherry individual was homozygous for the "firm" allele at qP-FF4.1, www.nature.com/scientificreports www.nature.com/scientificreports/ and therefore all the sour cherry individuals had at least one "soft" allele for qP-FF4.1. These results are also consistent with the results from progeny from a cross between a sweet cherry cultivar 'Emperor Francis' and the mazzard accession NY 54. A major QTL for fruit size associated with domestication was identified in this F 1 population 25 ; however, QTL for fruit firmness could not be identified from this population because all the progeny had soft fruit. Given that the qP-FF4.1 diplotypes for 'Emperor Francis' and NY 54 are H1H1 and H13H13, respectively, and the conclusion that soft fruit is dominant over firm fruit, this result would be expected.
In peach, a major QTL for fruit firmness was also identified on LG 4, first reported by Dettori et al. 26 . This locus, termed F-M, controls both peach fruit firmness and flesh adhesion to the endocarp, with soft (melting) fruit dominant to firm (non-melting) fruit. Two genes encoding endopolygalacturonase (endoPG) are considered to be the causal genes at this locus. The peach physical map (v.2.0) positions of these two genes are as follows: ppa006839m 19046344-19049605 bp, and ppa006857m 19081325-19083984 bp. Using the peach genome as a proxy for cherry, this places the endoPGs and the F-M locus, ~ 8 Mbp distal to the qP-FF4. 1 . In contrast to peach, no studies in cherry have associated endoPG with flesh firmness, nor were any endoPG genes been identified in the qP-FF4.1 region. Peach and cherry also differ in their ethylene requirement for ripening. Peach is a climacteric fruit meaning that it has a strong requirement for ethylene to ripen, while cherry is a non-climacteric fruit. Taken together, these results suggest that the genetic control of fruit firmness in cherry evolved separately from that of peach. This conclusion is consistent with qP-FF4.1 being associated with domesticated and bred germplasm. however, the qP-FF4.1 region is an important QTL "hotspot" for cherry breeders because major QTL for other traits map to this region. LG 4 loci for two phenology traits, bloom and maturity date, have been conserved across multiple Prunus species 27 . For bloom time, the major locus named Lb, was first reported in almond by Ballester et al. 28 and subsequently identified in multiple Prunus species [29] [30] [31] [32] . In sour cherry, the peak peach genome v2.0 position for the bloom time QTL on chromosome 4 was ~10.8 Mbp 33 . For maturity date, a major QTL termed qMD4.1, was identified first in peach 34, 35 and subsequently in cherry 36, 37 . The most likely candidate gene for the peach QTL qMD4.1 is ppa008301m, which is believed to be an NAC transcription factor. It maps to ~11.106 Mbp on the peach genome sequence v1.0 38 which is equivalent to ~11.117 Mbp on the peach genome sequence v2.0 39 . In a recent study, Isuzugawa et al. 36 found that two sweet cherry candidate genes, homologous to the NAC transcription factors identified in peach, also mapped within the maturity date QTL on LG 4. In addition, QTL for fruit weight and soluble solids content have also been reported in this qP-FF4.1 region in peach 34, 35 . An analysis of maturity date for the 'Fercer' × 'X' population used in our study identified a QTL that explained on average 50% of the phenotypic variance for maturity time 37 . This QTL was detected in the same region as the one for firmness; however, the peak detected with the multi-year analysis was at 36.1 cM, which is almost 2 cM downstream from the peak for the firmness QTL.
The clustering of these QTLs is in agreement with the correlations observed in the populations studied among the two fruit traits: firmness and maturity date. Indeed, within the 'Fercer' × 'X' population, early maturing individuals bear smaller and softer cherries than the late maturing ones. In the RosBREED germplasm, a prior study of this germplasm identified a QTL for maturity date that overlapped with qP-FF4.1 40 . In this prior study, ss490552928 was associated with maturity date with the ' A' and 'B' alleles associated with "early" and "late" maturity, respectively; however, one of the haplotypes that contained the ' A' allele was associated with late maturity 40 . A similar result was obtained from the INRA sweet cherry germplasm collection population where the ' A' for ss490552928, was also associated with early maturity and soft fruit. The phenomenon of early maturing cultivars which tend to be softer than late maturing ones could probably result from a developmental impossibility of www.nature.com/scientificreports www.nature.com/scientificreports/ having a firm fruit in a short period of time between blooming and maturity. This would be in particular the case of cultivar 'Early Burlat' , which has one of the shortest developmental periods between blooming and maturity. Hence, the recent method of developing sweet cherry cultivars which come to maturity at the same period as 'Early Burlat' , but exhibit a significantly higher firmness, was to use genitors with an extra-early blooming time 41 . In sour cherry, none of the individuals evaluated had the genotype BBBB for ss490552928; therefore, the ' A' allele was always present. This is consistent with "soft" fruit alleles for this locus being dominant to "firm" fruit alleles. In sour cherry, bloom and maturity time are also correlated, however all individuals whether early or late maturing have soft fruit compared to the firm fruit associated with bred sweet cherries.
The multiple QTLs in the qP-FF4.1 region should be taken into consideration when performing breeding selection in both sweet and sour cherry. Hence, it is of utmost importance to disentangle the genetic determinism of the traits' variation within this QTL; in particular, it would be helpful for breeders to know whether maturity date and firmness are controlled by the same pleiotropic locus or by two closely linked genes. Fine mapping initiatives might be conducted in order to search for recombinants within this narrow genetic interval. More specifically, using cultivars such as 'Early Burlat' and 'Fercer' might be highly informative. Indeed, the predicted diplotypes for both cultivars are H3H6 and H1H2, respectively; that is, each would have one "firm" and one "soft" haplotype. However, 'Fercer' is known to be a significantly firmer cultivar as compared to 'Early Burlat' . Multi-year data from INRA indicate a mean firmness, as measured by Durofel, of 67 and 49 for 'Fercer' and 'Early Burlat' , respectively. This shows the complexity of the genetic determinism of fruit firmness, as already demonstrated by Campoy et al. 6 and might suggest as well the existence of epistatic interactions. To test the hypothesis that maturity time and firmness are controlled by distinct genes in this LG 4 "hotspot", breeders will need to produce very large progeny populations when crossing 'Early Burlat' with other firmer but also later ripening cultivars in order to obtain recombinants between the two hypothesized closely linked genes. Finally, the fact that among the founders used in modern breeding, the haplotype H3 was only found in 'Early Burlat' agrees with the 'originality' of this cultivar in terms of developmental cycle; as already stated, 'Early Burlat' has a rather intermediate bloom time but is one of the earliest maturing cultivars.
Candidate genes controlling fruit firmness. The available sweet cherry genome sequence provided the opportunity to identify agronomically important candidate genes for qP-FF4.1 42 . In our study, the identification of candidate genes was employed across species including sweet cherry, peach and tomato. Peach and sweet cherry are closely related Prunus species and share a high level of synteny 43 . Therefore, prior to the publication of the sweet cherry genome sequence, the peach genome was used as a proxy for candidate gene prediction in sweet cherry 6, 27 . Tomato was included as fruit firmness has been extensively studied in this species 44, 45 , and like cherry and peach, tomato is a fleshy carpel. Although fleshy fruits are physiologically classified as climacteric (tomato and peach) and non-climacteric (cherry), these fruits share some common characteristics such as the role of plant hormones and their interplay related to changes in firmness during fruit softening 19, 44, 46 . For example, all fruits appear to respond to abscisic acid (ABA) and ethylene; but, in non-climacteric fruit, even if ABA has a more dominant role, the fruit still exhibit characteristics of ethylene-dependent ripening 19 . Moreover, recent studies seem to indicate that the classification of fruits as either climacteric or non-climacteric is an oversimplification 44 . Some fruits, like melons, can display both climacteric and non-climacteric behaviors 47 while kiwi fruit can display non-climacteric behaviors in the first stage of ripening and climacteric behaviors and in the second stage of ripening 48 . The fruit softening process involves the physiological modification of the cell wall and during the ripening phase of the fruit, plant hormones play important roles in this process 49 . Therefore, genes related to plant cell wall metabolism or various hormone signaling pathways were considered as candidates in this study. Much of tissue firmness work in tomato also focused on characterizing the potential role of cell wall-modifying genes and the transcription factors involved in hormone signaling pathways 11, 23 . Although a cross-species strategy could help identify more candidate genes for fruit firmness, it should be noted that mechanisms controlling firmness in these three species are possibly different. For example, endoPG, the major enzyme associated with softening in peach, was not identified in the qP-FF4.1 region.
Among the candidate genes identified, an expansin gene was considered as the most promising candidate for several reasons. Firstly, expansin genes have been thought to contribute to fruit softening by weakening noncovalent interactions between cellulose microfibrils and hemicellulose components 50 . In tomato, expansin genes have been shown to be associated with fruit ripening and firmness 51, 52 . Secondly, the candidate expansin gene in sweet cherry has sequence homology to the expansin gene PcEXP4 previously reported to be upregulated during tissue softening in sour cherry 16 . Thirdly, the expansin gene in sweet cherry was predicted to contain two functional domains; one of them was commonly found in pollen allergens which were proposed as cell wall-loosening agents to induce extension of the plant cell wall 53 . Lastly, this gene is very close to the peak of the qP-FF4.1 region. Among other candidate genes, transcription factors, such as NAC domain protein, MADS-box protein and Squamosa promoter-Binding Protein could also play roles in regulating fruit firmness as they have been shown to be involved in fruit ripening process 21, 23, 54 . However, future work is needed to fine map this region and ultimately identify and characterize the genes and their alleles that underlie these QTL. The haplotypes and their germplasm sources described in this study provide a genetic framework for this future discovery.
In conclusion, we identified a major QTL for fruit firmness in three sweet cherry populations that is associated with domesticated and bred germplasm. As all commercial sweet cherry cultivars must meet consumer demands for firm fruit, knowledge of the desirable alleles at this QTL would be targets for marker-assisted breeding. For example, it would be especially useful to select against "soft" alleles in cases where wild germplasm is being use as breeding parents. Candidate genes for this fruit firmness QTL were proposed; however, future fine mapping and transcriptomic analysis is needed to enable the identification of the underlying gene(s). (Table S2 ). The germplasm of RosBREED pedigreed population, spanning six generations, was considered representative of U.S. public breeding germplasm for this crop 24 . For sour cherry, a total of 338 individuals including parents, ancestors and offspring from five bi-parental F 1 populations, were used. These individuals were grown at the Michigan State University Clarksville Research Station, Clarksville, Michigan. A detailed description of these sour cherry plant materials is presented in Cai et al. 33 .
Phenotyping and phenotype modeling. Fruit were harvested from the field when ripe based on a subjective assessment of skin color, texture and taste 56, 57 , placed in coolers for transport back to the laboratory, and evaluated the same day. Fruit firmness (g/mm 2 ) was evaluated using different methods for INRA's populations and RosBREED's sweet and sour cherry pedigreed populations. For the two INRA populations (F 1 population and the sweet cherry germplasm collection), fruit firmness was measured using a Durofel (Setop Giraud Technologie, Cavaillon, France) texture analyzer on the day of harvest. A 3-mm probe was applied at two points on the fruit equator, the movement of the probe was recorded and the average of the two measures on ten fruits was used. Data were collected from seven years (2009-2013, 2015 and 2016) for the F 1 population and two years for the germplasm collection (2014 and 2015) . For the RosBREED sweet cherry and sour cherry individuals, fruit firmness was measured from 25 fruits that were at room temperature using the compression test of BioWorks FirmTech 2 (Wamego, KS, USA). Compression was performed from the fruit cheek and with the stems still on the fruit. The mean value of 25 measures were used. The data for the sweet and sour cherry individuals were collected for two years (sweet cherry, 2011 and 2012; sour cherry, 2011 and 2013). Since different methods were used to measure firmness in the RosBREED and INRA populations, the data for these populations were analyzed separately.
The phenotypic data were analyzed using SAS version 9.13 (SAS Institute Inc.) and the model PROC MIXED was used to obtain the variance components. PROC CORR was performed to calculate the correlation coefficients of fruit firmness among different years. Broad-sense heritability (H 2 ) was calculated using estimates for the individuals based on the following random linear model:
where Y ij is the phenotypic value of the j th individual in i th year; µ is the mean value of fruit firmness; y i is the random effect of the i th year on the phenotype; g j is the random genotypic effect of j th individual; and e ij is the model residual. H 2 was calculated using the following equation:
e /n), where σ 2 g is the genetic variance, σ 2 e is the residual error, and n is the number of years.
Genotyping and genetic map. All individuals from the three sweet cherry populations were genotyped with the RosBREED Illumina Infinium cherry SNP array of 5,696 SNP markers 58 and SNP genotypes were scored using the Genotyping Module of GenomeStudio Data Analysis software 59 . For the 'Fercer' × 'X' F 1 population, a total of 724 SNP markers were polymorphic and segregating in this population. A linkage map was constructed using JoinMap 4.0 60 and Kosambi's mapping function was used to convert recombination frequency into map distance. The two resulting parental maps consisted of 110 and 87 SNP markers, polymorphic for 'Fercer' and 'X' , respectively. For the INRA sweet cherry germplasm collection, marker data curation was described in Campoy et al. 55 . A total of 1,215 SNP markers were retained after removing the following four SNP types: (1) SNPs failing to generate clear genotype clusters; (2) SNPs with missing genotypes greater than 5%; (3) SNPs showing high distortion for Hardy-Weinberg equilibrium (>0.0001); and (4) SNPs with minor allele frequencies lower than 5%. For RosBREED pedigreed population, marker data curation was described in Cai et al. 24 . A total of 1,617 SNPs were identified as robust markers and therefore used for QTL analysis. Genetic positions for these markers were determined by aligning and integrating these physical positions (based on Peach Genome v2.0) 39 with the sweet cherry 'Regina' × 'Lapins' SNP linkage map 61 . The sour cherry plant materials were also genotyped using the RosBREED Illumina Infinium cherry SNP array 58 . The generation of the sour cherry genetic data, including haplotype reconstruction was described in Cai et al. 33 . QTL analysis. QTL analyses were performed for all three sweet cherry populations using different mapping softwares. For 'Fercer' × 'X' , QTL mapping was carried out using MultiQTL v2.6 software with the multiple interval mapping (MIM) approach used (MultiQTL Ltd, Haifa, Israel, 2005, www.multiQTL.com). Different types of analyses were performed for single year and multiple years, respectively. Each year was first analyzed independently in order to examine the stability of the QTLs. An analysis combining all years was performed using the multiple environment option with increase of the accuracy of the QTL detection. The detailed QTL mapping methodology was as described in Castède et al. 27 . The graphical presentation of QTL locations on the linkage groups was obtained using the MapChart software version 2.2 62 . A genome-wide association analysis was done for the INRA sweet cherry germplasm collection. This analysis tested the association between fruit firmness and the SNP markers on the chromosome where the firmness QTL was located. A total of 1215 SNP markers across the sweet cherry genome were used in the analysis and (2019) 9:5008 | https://doi.org/10.1038/s41598-019-41484-8 www.nature.com/scientificreports www.nature.com/scientificreports/ the SNPs associated with fruit firmness were identified according to a mixed linear model (MLM) using the software TASSEL version 5.2.61 63 . Corrections for population structure and kinship were adopted in the model. Population structure was described in the study of Campoy et al. 55 . The relative kinship matrix was calculated using SPAGeDi 64 . The genome-wide significance cutoff was set at 4 × 10 −5 (0.05/1215). QTL analysis in RosBREED sweet cherry pedigreed population was done using FlexQTL software that is designed for use with multiple pedigree-connected families 65 . Markov Chain Monte Carlo (MCMC) simulation, implemented in FlexQTL software, was applied to obtain samples from the joint posterior distribution of the model. A total of 1,000 samples (500,000 iterations with thinning value of 500) were stored for each simulation and then used for statistical inference. The inference on the number of QTLs was based on a pairwise comparison of models differing from each other by one QTL. The Bayes factor parameters (2lnBF) were interpreted as non-significant (0-2), positive (2-5), strong (5-10) or decisive (>10) evidence for the presence of QTL. The inference on the QTL position was based on posterior intensity and the inference on the QTL contribution was based on the posterior mean estimates of the QTL effect size. Both additive and dominant genetic models were tested using a maximum number of 10 QTLs. Prior number of QTL was set to 1 or 3 and genome-wide analyses were performed twice for each prior using different seed numbers to test the robustness of the analysis.
Haplotype (diplotype) analysis. Haplotypes (i.e. alleles) for the fruit firmness QTL were identified for the INRA F 1 population and the RosBREED sweet and sour cherry pedigreed germplasm. Five SNPs covering the consensus QTL region identified from the sets of plant materials were chosen for haplotype construction. Phased SNP marker information was obtained for each individual from the RosBREED sweet cherry germplasm from the FlexQTL output. Haplotypes were assigned using the PediHaplotyper software 66 . The SNP phasing for the sour cherry haplotypes was described in Cai et al. 33 . Unique haplotypes were named from H1 to H16 randomly. Statistical analyses for the association between haplotype (diplotype) and fruit firmness were performed using the software R version 3.1.3 67 . QTL genotypes (QQ, Qq, qq) predicted by FlexQTL were used to deduce if a haplotype was associated with soft or firm fruit. As 'Q' is assigned to the higher phenotypic value, in this case increased firmness, QQ, Qq, andgenotypes correspond to two "firm" alleles, one "firm" and one "soft" allele, and two "soft" alleles, respectively. Haplotypes were also deduced to be associated with soft or firm fruit based on comparison of diplotypes.
In silico Candidate Genes. The list of genes within the QTL interval and their functional annotations in sweet cherry were obtained from the sweet cherry genome 42 available on the Genome Database of Rosaceae website (GDR, https://www.rosaceae.org). The corresponding predicted cherry protein sequences obtained from GDR were blasted against the National Center for Biotechnology Information (NCBI) database to obtain gene ontology terms using BLASTP in the program Blast2GO 68 with an E-value cutoff of 0.001. The sequences of the genes within the QTL interval were also blasted to the peach genome v2.0 39 available at GDR and the tomato genome ITAG 2.40 69 available at Sol genomics Network (https://solgenomics.net), and their best gene matches and annotations were extracted. Overall, three annotations (sweet cherry, peach and tomato) and gene ontology results from Blast2GO were considered for the identification of candidate genes for fruit firmness. Candidate genes considered were those genes predicted to be involved in plant cell wall metabolism or various hormone (Ethylene, Brassinosteroid, Auxin, Gibberellin, and ABA) signaling pathways associated with fruit ripening. A circular plot of the mapping and candidate gene data was prepared with the Circos plotting tool 70 . Alignment and analysis of the expansin genes was performed with ClustalW v2.1 multiple sequences alignment tool. A dendrogram of the four genes was constructed using the Jukes-Cantor genetic distance model, and the neighbor-joining tree building method within the GeneiousV.11.1.4 GUI software 71, 72 .
Data Availability
Genotypic data for the INRA bi-parental population and RosBREED pedigreed populations is available at the Genome Database for Rosaceae (www.rosaceae.org/publication_datasets) under accession number tfGDR1037. All other data generated or analyzed during this study are included within this article and its Supplementary Information Files.
